This work is devoted to the complex research on temperature phase transitions in a CsScF 4 crystal. The crystal structure was solved and refined at different temperatures by using the Rietveld method. Structural phase transitions were investigated by using the following spectroscopic methods, some of them for the first time: Brillouin spectroscopy, Raman spectroscopy, IR absorption spectroscopy and NMR. The symmetry analysis of the Brillouin zone center of all phases is presented. The vibrational spectra of the crystal in three phases have been calculated. The structural phase transition mechanism was determined. The transitions at T 1 = 475 K and T 2 = 317.5 K are of displacement type. The Raman soft modes have been associated with rotations of the ScF 6 octahedral group.
Introduction
The crystals whose high symmetry phase belongs to the space group D 1 4h -P4/mmm have been under intense scrutiny in recent few years. Among them, the layered perovskite-like compounds with a TlAlF 4 -type structure are remarkable for retaining the infinite chains of vortex-sharing octahedra as an essential feature of the perovskite structure. Several compounds of the series exhibit phase transitions (PT) to a superconductive state, for example, Tl-Ca-Ba-Cu-O compounds containing constituents with a high-temperature superconductive phase. 1, 2 ABX 4 crystals with a TlAlF 4 -type structure are known to have compounds where the A position is taken by zigzag polyethylene diammonium ions ([NH 3 (CH 2 ) n NH 3 ] + ), essentially increasing the distances between the layers of connected octahedral groups BX 6 . 3 The structure of such compounds was studied 3 for chlorides with B = Mn, Cd, Cu and n = 2-5. Many of the mentioned compounds have sequences of phase transitions (see ref. 1 and 4-6) . Earlier phase transitions in crystals of the MAlF 4 family (M = Tl, K, Rb, NH 4 ) were studied by various techniques (Brillouin and ultrasonic, 7, 8 Raman, 9, 10 Raman under high hydrostatic pressure, 11, 12 neutron scattering, 13 group theory, 14 Monte Carlo simulation 15 ). Sc-containing layered perovskites have not been widely studied. Indeed, some of the Sc-containing layered perovskites have interesting physical properties such as surprisingly large negative thermal expansion coefficients which exist over a wide range of temperatures. [16] [17] [18] Symmetry and crystallographic analyses of phase transition sequences in layered TlAlF 4 -type crystals were better described in ref. 5 where it was pointed out that such structures realize mostly rotary distortions or pivot-type distortions caused by the rotation of octahedral groups BX 6 . The order parameters (OP) corresponding to librational vibrations of the octahedra are transformed according irreducible representations (IR) of M (k18) and X (k15) boundary points of the Brillouin zone of the D 1 4h -P4/mmm group (denotations according to ref. 19 and 20) . Distortions associated with condensation of librational modes of M and X points are denoted in ref. 5 as distortions of ϕ and ψ types. Irreducible representations and order parameters inducing symmetry changes are commonly referred to as critical or primary (Fig. 1) .
However, in some cases, distortion of the initial phase structure cannot be described by the critical order parameters only. In the distorted (disymmetric) phase, shifts or ordering of atoms should be consistent with the symmetry of this phase and determined by non-critical (secondary) order parameters and irreducible representations. The entire totality of order parameters -critical and noncritical -occurring during phase transition forms a complete order parameter condensate. 21 Group theory analysis 5 of the complete order parameter condensate in crystals with a P4/mmm parent phase showed that critical distortions of ϕ and ψ types could be accompanied by noncritical distortions of octahedral groups and noncritical shifts of atoms located between the layers of octahedral groups. Such shifts and distortions are of a secondary nature and could be rather small in the proximity of the phase transition points. The phase transition sequence in a CsScF 4 crystal was studied by optical, calorimetric, X-ray and Raman scattering methods. 6, 22 It was found 6 to undergo two phase transitions under decreasing temperature; the respective temperatures and basic thermodynamic characteristics are given in Table 1 . The experimental data 6,22 gave grounds to make the following conclusions: 1) both phase transitions in CsScF 4 are of displacement type, 2) the phase transition from G 0 to G 1 is of the first order and that from G 1 to G 2 is of the second order, and 3) distortions are of the form (00Ψ z ) at phase transition G 0 → G 1 and (Φ 1 Φ 2 Ψ z ) at phase transition G 1 → G 2 . However, these conclusions about the form of distortions at the phase transitions were based on indirect data. Besides, the temperature dependence of superstructure reflections occurring in the monoclinic phase which could not be explained by the rotations of octahedral groups only is conspicuous. 6 To answer the arising questions, experimental Raman scattering, nuclear magnetic resonance and X-ray diffraction studies of the CsScF 4 crystal have been carried out over a broad temperature range including phase transition temperatures. To interpret the results of the studies, the phase transition sequence was described within the thermodynamic approach.
Experimental
A clear and transparent CsScF 4 crystal was grown by using the Bridgman method in a platinum ampoule. The grown crystal had an ideal basal plane of (001) 0 .
At room temperature, CsScF 4 single crystals have multiple twins, and therefore, the powder X-ray diffraction (XRD) data were obtained using a Bruker D8 ADVANCE Bragg-Brentano diffractometer with Cu-Kα radiation. The beam was controlled by a 0.6 mm fixed divergence slit, a 6 mm receiving VANTEC slit and Soller slits. Low-and high-temperature measurements were carried out using an Anton Paar TTK450 attachment.
The variable counting time (VCT) and step size (VSS) schemes were used to collect the diffraction data. [23] [24] [25] [26] The total experimental time was 5 hours. There were 10 such experiments performed at different temperatures from 133 to 583 K (Fig. 2) . X-ray analysis of the CsScF 4 structure at room temperature showed that the grown crystals were free from any impurities. The indices of all superstructure peaks were calculated using cell parameters of the parent phase, and therefore, they are rational numbers.
The main structural reflections were found to coincide with the orthorhombic symmetry suggested in ref. 5 and 34 . Raman spectra in a backscattering geometry were recorded in a subtractive dispersion mode using a Horiba Jobin Yvon T64000 triple spectrometer equipped with a liquid nitrogen cooled charge coupled device detection system. A Spectra-Physics Stabilite Ar + ion laser 2017 with λ = 514.5 nm and 5 mW power on the sample was used as an excitation light source. Temperature measurements were carried out using a closed cycle ARS CS204-X1.SS helium cryostat in the temperature range of 10-295 K. The temperature was monitored by using a LakeShore DT-6SD1.4L silicon diode. During experiments, the cryostat was evacuated to 10 −6 mbar. To investigate the low-wavenumber spectra, measurements down to 6 cm −1 were performed in a subtractive dispersion mode. Deformation of the low-wavenumber spectral edge by the optical slit, which sometimes smears the true features of the lowwavenumber spectra, was carefully eliminated by rigorous optical alignment. The CCD pixel coverage in an additive dispersion mode was as fine as 0.3 cm −1 , but it was limited by the spectrometer spectral resolution of 1.8 cm
The temperature experiments were carried out in a dynamic mode varying the sample temperature at the rate of 0.5 K min −1 . The uncertainty of the measured temperature for a given rate can be estimated as the difference between the adjacent measurements and it was ±0.12 K in one spectrum measurement. The overall time for a single spectrum accumulation was within 30 s. The spectra were acquired with a temperature step of 0.25 K. This measurement protocol was the same as described in ref. 27 and 28. The high temperature (above 320 K) and polarized Raman experiments were carried out using a laser beam focused on the sample by a 50× Olympus LMPlanFl objective lens with a numerical aperture (NA) of 0.5. The power of the incident laser light was 5 mW on the sample. The scattered light was collected by the same objective lens in a backscattering geometry and analyzed using a polarizer and a λ-plate. The temperature of the samples was controlled by using a Linkam THMS600 microstat with the stability of <±0.2 K.
Infrared spectra were obtained in the temperature range from 15 to 300 K using a vacuum Vertex 80 spectrometer. A 3 × 3 mm and 50 μm thick crystal plate was used as a sample.
NMR studies of CsScF 4 crystals were carried out on all magnetic nuclei in the crystal. NMR spectra of 19 F, 45 Sc and 133 Cs nuclei were recorded using an AVANCE 300 pulse NMR spectrometer by Fourier spectroscopy (Larmor frequencies for 19 F nuclei -282.4 MHz, for 45 Sc nuclei -72.9 MHz, and for 133 Cs nuclei -39.4 MHz, the 90°pulse time was 2.9 μs for fluorine and about 1 μs for scandium and cesium).
The Brillouin scattering spectra were measured in a backscattering geometry using 3 + 3 pass Sandercock tandem Fabry-Perot interferometers. 29 The distance between the interferometer mirrors was 5 mm corresponding to the free dispersion range of 30 GHz. The radiation source was a solid state 200 mW, 532 nm laser. The reference beam was isolated after reflection of the primary laser radiation from a thin glass plane and was used to adjust the spectrometer and stabilize its operation during measurements. After passing the glass plane, the characteristic laser radiation was directed by a prism (PR) (2 mm) onto the sample under study. An achromatic lens (L 1 ) with a focal length of 150 mm both focused the radiation onto the sample and collected the scattered signal. The scattered radiation was focused on the input diaphragm of the spectrometer by a lens (L 2 ) with a focal length of 400 mm. The sizes of the input and output diaphragms were 450 and 700 μm, respectively. The periscope mirrors M 1 and M 2 were used for vertical and horizontal adjustments to put the scattered radiation into the spectrometer.
Determination of crystal structures
Earlier 5 it was supposed that the crystal has the phase transition sequence .
We believe that these designations of irreducible representations (irrep) are incorrect. In reality, M3+ (k18t3) and X3+ (k15t3) irreps lead to distortion of the ScF 6 octahedron (Fig. 3 ).
The analysis shows that only M2+ (k18t5) and X2− (k15t8) lead to the rotation of the ScF 6 octahedron ( Fig. 3 ), so M2+ and X2− should be critical irreps instead. In addition, such a sequence of irreps agrees with the sequence of space groups, , found earlier.
5
Comparison of powder diffraction data shows that the structure has changed at 460-475 K where superstructure peaks emerge corresponding to the M-point of the Brillouin zone ( Fig. 2 ) and at T 2 = 317.5 K where several superstructure peaks of the X-point of the Brillouin zone emerge. This confirms that the phase transition at T 1 = 475 K is associated with the appearance of the order parameter (OP) of the M irreducible representation and the next phase transition at T 2 = 317.5 K is associated with the OP of the X irreducible representation. As ScF 6 can be rotated by M2+ and X2− only, it was decided to refine the crystal structure considering M2+ and X2− as critical irreducible representations.
The crystal structure of the low temperature phases was solved by distortion-mode refinement of the X-ray data using TOPAS 4.2 program, with the file generated by ISO-DISPLACE. 30, 31 Space groups P4/mbm and Pmmn were used.
There are two OPs associated with all displacements of atoms, GM1+ (a) and M2+ (η), for the P4/mbm phase and nine OPs, GM1+ (a), M1+ (b), M2+ (η), and six OPs, X2− (ξ 1 , ξ 2 ), for the Pmmn phase. M2+ acts on 2e sites occupied by F and leads to the rotation of the ScF 6 , while X2− acts on F sites and Cs sites. M1+ leads to distortion of the ScF 6 octahedron. All the respective amplitudes were used to find a model structure by using the simulated annealing method. The refinement yielded satisfactory final R-factors (Table 3) , interatomic distances as well as thermal parameters. The Rietveld difference plot of CsScF 4 at 303 K is shown in Fig. 4 . All other results within the range of 133-583 K are given in the ESI. † The thermal parameter of the Cs ion was refined in an anisotropic model. The atomic coordinates and isotropic thermal parameters can be found in Table 4 and the main bond lengths in Table 2 . One can see that the thermal parameters increase evenly upon heating. This is indicative of the absence of any order-disorder process at phase transitions and proves the suggestion 5 that the mechanisms of phase transitions have a displacive distortion nature. The difference between the lengths of Sc-F bonds is small (maximum 0.115 Å) and the F-Sc-F angles in the octahedron range within 87-93°. Thus, the ScF 6 octahedron does not undergo strong distortions at phase transitions. This agrees with the earlier conclusions. Bond length
2.020(6) Cs-F2 3.201(2)
2.020(6) Cs-F2 3.209(2) Complete mode details of distorted structures show the following temperature dependences of displacive mode amplitudes (Fig. 5) . It is obvious that OP (η) of M2+ irrep is critical as it has maximal values. It emerges jumpwise at T 1 = 475 K which accounts for a first order transition and increases upon further cooling. New critical OPs (η 1 , ξ 2 ) appear at T 2 = 317.5 K and increase rapidly upon cooling. GM1+ (a) and
The primitive cell volume is doubled at the first phase transition ( A detailed analysis of the OP and irreps in the program ISOTROPY 30 shows that M2+ (η) and X2− (ξ 1 , ξ 2 ) induce the phase transition that could be a second order phase transition. In fact, the phase transition at T 1 = 475 K is of a first order type, and at T 2 = 317.5 K, it is of a second order type. 5, 22, [32] [33] [34] 4 Vibrational spectroscopy
The selection rules
To describe the results of the Raman and infrared experiments, we performed a symmetry analysis of the vibrational modes in all phases. The selection rules, classification of modes, Wyckoff positions, irreducible representations and Raman tensors for all three phases are presented in Table 5 . The fractional atomic coordinates are taken from Table 4 . The Raman mode representation for the tetragonal phase P4/ mbm at temperatures above 475 K at the Brillouin zone center is
The infrared mode representation is
It is reasonable to expect two modes in the Raman spectra, seven active modes in the infrared spectra, and acoustic modes. The Raman mode representation for the tetragonal phase P4/mbm at temperatures above 317.5 K and below 475 K at the Brillouin zone center is
The infrared mode representation is It is reasonable to expect 7 modes in the Raman spectra, 10 active modes in the infrared spectra, and acoustic modes. The Raman mode representation for the orthorhombic phase Pmmn at temperatures below 317.5 K at the Brillouin zone center is
It is reasonable to expect 30 modes in the Raman spectra, 31 active modes in the infrared spectra, and 3 acoustic modes.
Raman and IR
To analyze the low wavenumber Raman spectra quantitatively, we performed a spectral analysis with a combination of conventional damped harmonic oscillator functions:
where ω 0 is the current wavenumber, A, ω and Γ denote the intensity, harmonic wavenumber of the band centre and full width at half maximum, respectively, of the corresponding excitation indicated by the subscript. The temperature factor F(ω, T) is calculated by
where ħ, k B in eqn (9) denote the reduced Planck constant, the Boltzmann constant, respectively. The present Raman setup can see only the Stokes component. The high symmetry phase studied earlier using Raman spectra 32 exhibits two vibrations in the spectrum: at 495 cm −1 (A 1g ) and 152 cm −1 (E g ) just as was predicted by the selection rules ( Table 5 ). The experimental Raman data, numerical simulation and normal vibrational mode representations for the P4/mbm phase are given in Table 8 These vibrations are not associated with vibrations of heavy ions but for vibrations of fluorine ions only ( Table 5 ). The experimental Raman data, numerical simulation and normal vibrational mode representations for the P4/mbm phase can be found in Table 9 . An overview of the experimental spectra of all components of the Raman tensor in all phases is shown in Fig. 7 . The temperatures of the spectra in the figure were chosen rather far from the phase transition points. The spectra of the intermediate phase P4/mbm at 393 K are in fairly good agreement with the ones previously published. 32 The condensation of soft modes after both phase transitions is the most significant observed result, which is presented in Fig. 8 . The plot showing the dependence of wavenumber vs. temperature is shown in Fig. 9 . The Raman spectra include several modes demonstrating soft mode These data are in good agreement with the conclusion based on the XRD experiments. The results of empirical vibrational spectra simulation show that these soft modes correspond to rotations of the ScF 6 octahedral group (see Table 10 ). The transformation of the IR spectra at temperatures below 700 cm −1 is shown in Fig. 10 . Table 6 compares the experimental and calculated data for a crystal in the Pmmn phase. 
Vibrational spectra simulation
The lattice dynamics of CsScF 4 in all phases was simulated in terms of the Born-Karman model using LADY software. 37, 38 Within this model, only pair-wise interactions and bondstretching force constants are considered. A simplified version of the Born-Karman model implies that the bondstretching force constant A depend on R only (R is the bond length), and the A(R) dependences are the same for all atom pairs: (10) where λ and ρ are the parameters describing the interaction of selected pairs. To find the parameters of the model, a special optimization software was written and tested for several compounds. [39] [40] [41] [42] [43] [44] [45] The initial values of the parameters were set within the ranges typical for perovskite-like fluorides. The lattice stability conditions were taken into account. The final model parameters were obtained by minimization of residual values of the simulated and experimental Raman wavenumbers by using the Fletcher-Reeves method. In the case of optimization pending due to incompatibility of the model parameters, the initial parameters of the model were changed randomly. The parameters obtained for the BornKarman model at 543 K are given in Table 7 . The structural data of all phases were taken from Tables 3 and 4 . Comparison of the simulated and experimental wavenumbers of the Raman lines is presented in Table 8 . Fig. 11 shows a typical Brillouin scattering spectrum measured in the crystal under study at a temperature of 296 K.
Brillouin light scattering
To define positions and linewidths, each of the Brillouin components is described by a Voigt function with a free Gauss parameter. A fitting example is given in Fig. 11 in red. Fig. 12 shows the experimentally obtained temperature dependences of the position and width (FWHM) of the Brillouin components. At ∼311 K, the temperature dependences of both parameters exhibit a distinctive feature indicating a phase transition. Such a behavior is typical for second order structural phase transitions. Another feature is observed as a kink at about 480 K. The magnitude of the effect is relatively small, but it allows us to confidently claim the existence of the first order phase transition. The lack of drastic changes in the elastic parameters of the material may be an indication of the lack of changes in the structure of the crystal lattice at this temperature. Such features take place in glass when additional degrees of freedom of molecules are defrosted during heating of the sample.
NMR
Temperature dependences of the 19 F NMR spectra were experimentally studied with a single crystal sample in the temperature range of 290-585 K. With the external magnetic field oriented along the c-axis of the crystal, the NMR spectrum of 19 F at room temperature consists of two lines of equal intensities. When the crystal is rotated around the a axis, one of these lines splits into two; the splitting is maximal when the magnetic field is normal to the c axis. This behavior leads to the conclusion that these lines belong to two magnetically nonequivalent fluorine atoms in the equatorial plane of the ScF 6 octahedron. It is impossible to obtain parameter values of the chemical shielding tensors from orientation dependences of poorly resolvable NMR spectra of 19 F; we can only suppose that they correspond to the polar and equatorial fluorine atoms. The obtained NMR spectra of 19 F vary very little in the temperature range from 290 to 510 K, including both phase transitions. Taking into consideration the results of X-ray structural studies, such a result is quite expected, because the bond lengths of the ScF 6 octahedron practically do not change in transitions, and accordingly, the parameters of magnetic shielding of fluorine atoms change insignificantly.
As for the parameters of the dipole-dipole interaction (manifested, first of all, in the width of individual lines), their invariability is indicative of the lack of mobility of fluorine ions in the structure. However, the NMR 19 F lines were found to broaden with further heating (above 510 K), and above 530 K, all the lines merge into a single line in the centroid of the 19 F NMR spectrum; its width decreases with increasing temperature (Fig. 13) . Such changes in the spectrum are typical of an exchange process, in this case the exchange between polar and equatorial fluorine atoms. The emergence of a single line corresponds to the frequency of exchange approximately equal to the line splitting value in the 19 F NMR spectrum. Thus, the temperature dependence in Fig. 13 allows the exchange rate ν ∼ 10 4 Hz to be evaluated at T = 530 K. Further narrowing of the lines with increasing temperature is associated with diffusion of fluorine atoms over the crystal lattice sites. The spin of 45 Sc and 133 Cs nuclei is I = 7/2, and unlike the 19 F nuclei, they have electric quadrupole moments. NMR makes it possible to obtain information about the value and symmetry of gradients of crystalline electric fields at the site of the nucleus under study. In the low-temperature phase, there is one structurally nonequivalent scandium atom (position 4d) in a unit cell. However, in general orientation, each of the seven components of the NMR spectrum of 45 Sc splits into four lines. Consequently, in a unit cell of CsScF 4 , there are four magnetically nonequivalent positions of scandium ions. The analysis of orientation dependences of the NMR spectrum of 45 Sc made it possible to find the three-axial tensor of the electric-field gradient (EFG) at the site of the scandium ion with the main value V zz = 3.41 MHz and asymmetry parameter η ≈ 0.1. The principal axis V zz of the EFG tensor is tilted from the c axis of the crystal by about 10°at room temperature (292 K). Under heating, the tilt angle gradually decreases, so does the asymmetry parameter, and at phase transition temperature T 2 = 317 K, the EFG tensor becomes axially-symmetrical in compliance with the point symmetry of the scandium ion position (2b) in the intermediate phase. Fig. 14 shows temperature evolution of 45 Sc NMR spectrum lines belonging to transition 3/2 ↔ 1/2. Over the entire temperature range of existence of the intermediate phase, the principal value of V zz = 3.41 MHz of the axially symmetrical EFG tensor does not change (Fig. 14) . This value does not change in the transition to the high-temperature phase (T 1 = 475 K), either. Even though in this phase transition the point Table 5 Wyckoff positions, irreducible representations, and Raman tensors (Γ-point phonon modes) for CsScF 4 (space groups P4/mmm, P4/mbm, Pmmn)
Atom
Wyckoff position Γ-point phonon modes
Cs 1a
Raman tensor 
symmetry of the scandium position does not change and the distance to the nearest fluorine ions changes insignificantly, in the second coordination sphere, according to the X-ray results considerable changes occur which, in principle, should change the V zz value. The absence of changes in the 45 Sc NMR spectra indirectly proves the phase transition model ensuing from the Raman and X-ray data. The changes in the scandium spectrum related to very small structure variation should be very small. In the low-temperature phase of CsScF 4 , there are two structurally nonequivalent cesium atoms and, accordingly, two three-axis EFG tensors on the Cs nuclei. As a cesium NMR line from each structurally and magnetically nonequivalent position of cesium splits into 7 components, the quadrupole splitting is not more than 20 kHz, and the tensor parameters are quite close, the resolution in the spectrum is insufficient to accurately define parameters of the said tensors and the tilt angle of their principal axis V zz from the c axis of the crystal. The phase transition into the intermediate phase (T 2 = 317 K) is clearly recorded by considerable simplification of the 133 Cs NMR spectra. Analysis of orientation dependences helps to find one axially symmetrical EFG tensor with a principal value of V zz = 20 kHz and the direction of the principal axis along the c axis. A further increase in temperature up to 510 K does not change the parameters of this tensor. The lack of changes in the cesium spectrum in the first phase transition (475 K) can be explained by the same reasons as in the scandium case, but here the situation is aggravated by much worse resolution associated with small quadrupole splitting. Thus, the NMR studies on the whole confirm the phase transition model developed on the basis of these Raman scattering and X-ray structural studies. However, it should be noted that the spectra of none of the nuclei under study exhibit the first phase transition at T = 475 K. We assume this to be a consequence of specificity of structural changes taking place at this transition. An additional result is the exchange between equatorial and polar fluorine atoms found in 
Phase transition thermodynamic model
Critical one-dimensional IR of M2+ induces changes in the crystal symmetry at the phase transition of the first order 5, 6 and another phase transition of the second order is associated with OPs, transformed by two-dimensional IR of X2−. The free energy (FE) corresponding to these representations and describing phase transition sequences can be written as follows: (11) where Φ M is the part of the potential associated with M2+, Φ X is the part of the potential associated with X2−, Φ M X is the interaction potential, and η, χ 1 , and χ 2 are the OP components. Below, we assume δ = 0; it was shown in ref. 47 that such an assumption should not significantly affect the results to be produced. To describe phase transition of the first order, Φ M -part of the FE associated with one-dimensional IRs -is written up to the 6th power of the OP η. This ensues from the necessity of describing phase transition of the first order. 46 For the same reason, we assume a 2 < 0. The other -Φ X -part of FE is written up to the 8th power of the two-component OP (χ 1 , χ 2 ), as this is the lowest power at which the emergence of all low-symmetry phases occurring in the experiments can be described. 5, 6 Two more restrictions on the TP coefficients are imposed by the conditions of the existence of global minimum: a 3 > 0 and a 3 > 0. A similar free energy but with expansion to the fourth power of η OP was considered in ref. 47 . The given FE was analyzed and phase state diagrams were described in a standard manner similar to the one described in ref. 46 In the case of the CsScF 4 crystal, the transition temperatures are apart from each other by more than 100 degrees, so in eqn (11) we leave the first term of expansion only. of the diagram in Fig. 16 shows that the boundary (full line in Fig. 16 ) of the first order phase transition between phases (η, 0, 0) and (0, χ, χ) runs along the line
Possible types of phase diagrams
The stability zone of the phase with OP (0, χ, χ) is restricted by the dash-dotted straight line from the origin of the coordinates in Fig. 16 . Phases (η, 0, 0) and (η, χ, χ) are separated by the line of the second order transition a 1 = α 1 (2ba 2 − 3α 1 a 3 )/b 2 (dashed line). Contrary to ref. 47 , the boundary of phase (η, 0, 0) is described by a quadratic equation. ;
. At the phase diagram, there exist a point L with the coordinates (η, 0, 0), (η, χ, χ) and (0, χ, χ) where three phases coexist.
Conclusions
We have found relationships between the coefficients of thermodynamic potential as a function of order parameters of one-dimensional M2+ and two-dimensional X2− irreducible representations which can occur in layered perovskite CsScF 4 . Expressions for phase boundaries have been accurately derived from the considered potential. Knowing the pattern of phase states, one can conceive how it changes under external influence of different kind which is necessary for a conscious choice of crystals and understanding possible impacts on them in some applications. The sequence of phase transitions has been reinvestigated:
At the first phase transition, ScF 6 octahedra rotate jumpwise by ϕ ∼ η that accounts for the first order transition. There are no other rotations or heavy atom displacements. At the second phase transition, two new rotations appeared: around the ā + b axis on angle ψ 1 ∼ ξ 1 and around the ā − b axis on angle ψ 2 ∼ ξ 2 . Cs1 and Cs2 atoms move along the c axis at this second transition. The mechanisms of all phase transitions are of displacive distortion type. The results of vibrational spectroscopy and NMR studies all in all confirm this phase transition model developed on the basis of the XRD data and thermodynamic model. Fig. 15 Diagram of the phase state of the thermodynamic potential at a 2 < 0, β 2 > 0, b > 0. The first order transition is denoted as a solid line, the second order transition as a dashed line, and the bucking phases as a dash-dotted line. Fig. 16 Diagram of the phase state of the thermodynamic potential at a 2 < 0, β 2 > 0, β 1 > 0. The full line denotes the first order transition, the dashed line denotes the second order transition, and the dashdotted line denotes the bucking phases.
